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Abstract

Fish baiting is an important pathway for the introduction of biogenic elements, particularly nitrogen and phosphorus, into freshwater ecosystems, and groundbaits may also contain heavy metals that intensify environmental degradation. This study assessed the extent of groundbait use in Poland and its potential ecological impacts, addressing a globally under-recognised source of anthropogenic pressure on inland waters. This study combined a survey of 1,574 anglers with chemical analyses of 12 commercially available groundbait mixtures, quantifying the nutrient content and concentrations of Hg, Cd, Pb, and As. Aquarium experiments were conducted to examine the nutrient release dynamics and associated changes in selected physicochemical water parameters. More than 60% of the respondents reported the regular use of groundbaits, predominantly ready-made commercial products. Chemical analyses revealed pronounced variability among the mixtures, with carp-oriented groundbaits exhibiting the highest concentrations of nutrients and heavy metals. All analysed baits contained detectable levels of heavy metals, raising concerns regarding food safety and human health. Experimental results demonstrated rapid nutrient release, leading to measurable changes in dissolved oxygen, pH and conductivity. Overall, groundbait use was identified as a significant yet often overlooked source of eutrophication and toxicological pressure on freshwater ecosystems, highlighting the need for responsible use guidelines and further field-based research.
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1 Introduction
Angling is one of the principal forms of recreational fisheries and currently represents the predominant method of fish exploitation in inland waters (Cowx et al., 2010; Arlinghaus et al., 2021). Although recreational fishing is motivated by factors that differ from those driving commercial or subsistence fisheries (Cooke and Cowx, 2006; Arlinghaus and Cooke, 2009), catch efficiency remains an important consideration in recreational angling (Alós et al., 2009; Kapusta and Czarkowski, 2022). To enhance fishing success, anglers commonly employ baiting practices by deliberately introducing attractants into the water to draw fish into the fishing area (Arlinghaus and Niesar, 2005; Czarkowski and Kapusta, 2019; Czarkowski et al., 2021; Fazekas et al., 2023).
Two general angling strategies can be distinguished. The first involves actively searching for fish, whereas the second relies on a more passive approach that focuses on attracting fish to the hook rather than directly locating them (Alós, 2009; Sullivan et al., 2013; Bower et al., 2017). Relatively passive methods include bottom fishing (e.g., feeder and method feeder techniques) and float fishing. These approaches are widely used to target cyprinid species (Cypriniformes), which respond well to various baiting materials, largely irrespective of the hook bait used (Czarkowski and Kapusta, 2019; Britton et al., 2022; Kapusta and Czarkowski, 2022). Baiting is deeply embedded in angling traditions across European inland waters (Wołos et al., 1992; Arlinghaus and Niesar, 2005; Amaral et al., 2013; Imbert et al., 2024). Proper baiting is not intended to feed fish but rather to attract them, stimulate interest in the hook bait, and retain them within the fishing area for extended periods, ultimately increasing the catch efficiency and catch per unit effort (Amaral et al., 2015).
Despite its recreational nature, angling can negatively impact fish populations and aquatic environments (Cooke and Cowx, 2004; Cooke and Cowx, 2006; Arlinghaus and Cooke, 2009). Three major anthropogenic pressures are commonly identified as key drivers of ecological change in freshwater systems: direct exploitation of fish stocks, introduction and unintentional spread of non-native or invasive species, and eutrophication and pollution (Christie, 1972). Eutrophication is a primary factor contributing to the degradation of freshwater ecosystems and fish communities (Rosińska and Gołdyn, 2018; Bergström et al., 2019; Akinnawo, 2023). Nutrients may enter aquatic ecosystems through multiple pathways, one of which is frequently overlooked: the deliberate introduction of nutrients through angling groundbaits during baiting activities (Mehner et al., 2019; Imbert et al., 2025).
Groundbaits introduce nutrients, primarily nitrogen- and phosphorus-based compounds, which may pose a serious threat to aquatic environments (Cryer and Edwards, 1987; Fazekas et al., 2023). Simultaneously, baiting can increase the biomass harvested by anglers, and the removal of fish from a water body may contribute to the export of biogenic substances from the ecosystem (Wołos et al., 1992; Arlinghaus and Niesar, 2005; Boros et al., 2022). However, the balance between nutrient inputs and outputs must remain negative to avoid environmental degradation. Consequently, it is essential to assess both the quantity and quality of bait introduced into aquatic systems, as well as the biomass removed through fishing, to maintain the ecological balance in inland waters (Arlinghaus and Mehner, 2003; Niesar et al., 2004; Amaral et al., 2013; Boros et al., 2022). This issue is further complicated by the increasing popularity of catch-and-release angling, as released fish do not contribute to nutrient removal (Arlinghaus and Mehner, 2003; Boros et al., 2022; Czarkowski et al., 2025). Across Europe, eutrophication remains one of the most severe threats to freshwater ecosystems, with at least 20% of European lakes estimated to be affected by excessive nutrient enrichment, a problem that also affects major river systems (Hardenbicker et al., 2014; Ibisch et al., 2016). In this context, investigating the role of angling groundbaits as potential sources of nutrient inputs is particularly relevant.
In addition to nutrient loading, recreational angling and the use of groundbait pose additional environmental risks. As shown by de Carvalho et al. (2021), baits and groundbaits can also be a source of microplastics. Moreover, angling equipment and bait ingredients can act as sources of heavy metals, such as lead (Pb), cadmium (Cd), and mercury (Hg) (Bell et al., 1985; Cryer et al., 1987). Cryer et al. (1987) recorded up to 300 lead fishing weights per square meter of fishery bottom. Bell et al. (1985) estimated that over 15,000 lead shot, weighing approximately 5 kilograms (11 pounds) in total, are deposited per year in a 1-hectare (10,000-square-meter) fishing ground. Both heavy metals and microplastics can bioaccumulate in aquatic organisms, including fish targeted by anglers, thereby posing potential risks to human consumers (García-Lestón et al., 2010; Jia et al., 2017; Łuczyńska et al., 2023). These findings raise concerns regarding food safety and public health, particularly in regions where fish is an important dietary component.
Britton et al. (2022) and Imbert et al. (2024) classified angling bait products into four main categories: seeds and grains, boilies, pellets, and groundbaits. Seeds and grains include maize (Zea mays), hemp (Cannabis sativa), and wheat (Triticum aestivum). Boilies are boiled mixtures of animal- or plant-based flours combined with eggs and formed into spherical baits of up to 30 mm in diameter. Pellets are pelleted products composed primarily of animal flour and oil, typically ranging from 1 to 30 mm in diameter (Britton et al., 2022; Imbert et al., 2022). Groundbaits consist of ready-to-prepare, fine-grained, loose mixtures, mainly composed of milled grain products, bakery by-products, plant-based meals, and crushed cereals. Some groundbaits, particularly those used in carp (Cyprinus carpio) angling, contain animal-derived ingredients such as fishmeal or crushed pellets. While most existing research has focused on coarse pellets and boilies, predominantly used in carp fishing (Arlinghaus and Niesar, 2005; Bašić et al., 2015; Fazekas et al., 2023), relatively little attention has been paid to the widespread use of popular, ready-made, fine-grained groundbaits designed for a broader range of species, including bream (Abramis brama), roach (Rutilus rutilus). The only more comprehensive studies in this area were conducted by Imbert et al. (2022, 2025) and took grains and fine groundbait mixtures into account. Our study expands the existing knowledge base by addressing issues related to commonly used fine-grained groundbaits, particularly focusing on heavy metal content.
The environmental risks associated with recreational angling and groundbait use present underestimated challenges for water resource and recreational fishery management. Addressing these challenges requires an understanding of the intensity of groundbait use, the types of groundbaits used, and the methods by which they are introduced into aquatic systems. Equally important is the determination of the chemical composition of groundbaits, particularly their content of biogenic elements and heavy metals, and an assessment of their effects on key physicochemical water parameters. Accordingly, this study aimed to evaluate the scale of groundbait use and its potential environmental impacts in Poland. Specifically, the study analysed the chemical composition of popular ready-to-prepare, fine-grained groundbait mixtures with respect to nitrogen, phosphorus, carbon, and heavy metals (Hg, Cd, Pb, and As), examined groundbait behaviour and nutrient release dynamics under aquatic conditions, and assessed anglers’ practices and perceptions related to baiting.
2 Methods
2.1 Angler survey
Data were collected using an online questionnaire based on the Computer-Assisted Web Interviewing (CAWI) approach. The survey was developed using Google Forms, a widely recognised platform offering a user-friendly interface, compatibility with both computers and smartphones, and accessibility options for visually impaired users. The platform also allows easy dissemination of questionnaires via hyperlinks, and respondents’ familiarity with this tool reduces the likelihood of incomplete or abandoned responses. Participants accessed the questionnaire through an online link and completed it at their convenience. The survey remained open for one month to maximise the response rate.
The survey invitation was disseminated via Polish-language websites and social media platforms, including angling associations and clubs, Facebook groups and fan pages, angling discussion groups, and specialised internet forums. Information about the study was also shared by major Polish institutions and universities involved in fisheries and fishery resource management, including the National Inland Fisheries Research Institute, University of Warmia and Mazury in Olsztyn, and Polish Angling Association. Participation was anonymous and voluntary, and no incentives were provided.
This study adhered to ethical research standards to ensure respondent privacy and confidentiality. All data were anonymised and analysed in aggregated form. Informed consent, outlining the study objectives and the voluntary nature of participation, was obtained at the beginning of the survey. To increase outreach, a snowball sampling technique (Johnson, 2014) was employed. Respondents were encouraged to share the survey link with other anglers and were instructed to complete the questionnaire only once, even if they accessed it through multiple sources.
The questionnaire was available from 3 March to 3 April 2023. In total, 1,574 respondents provided complete and usable responses. The survey consisted of six questions addressing angling baiting practices and covered the following topics: (1) awareness of water eutrophication; (2) anglers’ perceptions of the environmental effects of baiting; (3) frequency of groundbait use; (4) quantity of groundbait used; (5) types of groundbait used; (6) use of fishmeal-based groundbait products. The survey included basic demographic and social questions about gender, age, education, and place of residence. Respondents were asked to select only one answer from a list of options for each question. However, only one question, regarding the types of groundbaits used, allowed multiple responses. Although this approach enabled broad outreach, the reliance on voluntary participation and snowball sampling may introduce self-selection bias, potentially limiting the direct generalisability of the results to the entire Polish angling population.
2.2 Ethical approval
All procedures involving human participants were conducted in accordance with relevant institutional and national guidelines and regulations. The study protocol was reviewed and approved by the Ethical Review Board of the University of Warmia and Mazury in Olsztyn (approval no. 2/2022). Informed consent was obtained electronically from all participants prior to their inclusion in the study.
2.3 Groundbait selection and classification
Based on field observations and consultations with distributors and retailers, twelve of the most popular branded, ready-to-prepare, fine-grained loose groundbait mixtures available on the Polish market were selected for analysis. The selection of groundbaits was aligned with the dominant bait types and target species identified in the survey. To avoid the use of full commercial product names, each groundbait was assigned an alphanumeric code (Tab. S1 - supplementary data). The groundbaits were classified into three functional groups according to their intended use. Since our previous research shows that Polish anglers mainly catch three species of fish—carp, bream, and roach (Czarkowski et al., 2021)—we selected and divided the groundbaits into three types: carp, bream, and roach, as offered and described by the manufacturers. The first group comprised light, fast-acting, very fine-grained mixtures designed primarily for roach, rudd, and other small cyprinids. These mixtures consisted mainly of roasted, finely milled bakery and confectionery by-products and milled grains. The second group included heavy, fine-grained, slow-acting bottom mixtures intended mainly for bream; these were also plant-based. The third group consisted of high-protein fine-grained mixtures supplemented with fishmeal and formulated for common carp baiting (Tab. S1). Seeds and grains were not included due to their heterogeneous composition and the difficulty of standardising their chemical analysis.
2.4 Analysis of proteins, biogenic elements, and heavy metals
Total protein content and concentrations of biogenic elements—nitrogen (N), phosphorus (P), and carbon (C)—were determined for all twelve groundbait products. In addition, concentrations of mercury (Hg), lead (Pb), cadmium (Cd), and arsenic (As) were analysed. Samples intended for elemental analysis using a Flash 2000 analyzer were dried at 105°C and ground into a fine powder in a mortar. The groundbait was weighed on a microbalance in amounts ranging from 2 to 3 mg. Samples intended for phosphorus and metal analysis were homogenized by grinding and weighed at 300 ± 50 mg. Mineralization was performed in a digester (Titan MPS; PerkinElmer, Waltham, MA, USA) using concentrated nitric acid (69–70%; Baker Insta-Analyzed Reagent, Phillipsburg, NJ, USA) (Nowosad et al., 2026). The percentage content of nitrogen and carbon in dried samples was measured using a Flash 2000 elemental analyser (Thermo Fisher Scientific, Waltham, MA, USA). Phosphorus concentrations in mineralised samples were determined by inductively coupled plasma optical emission spectrometry (ICP-OES; Avio 220, PerkinElmer, USA). The protein content was determined using the Kjeldahl method according to PN-75 A-04018 (Marshall, 2005). As this method estimates crude protein based on nitrogen content, it does not represent an independent measurement from elemental nitrogen analysis, but rather an alternative expression of nitrogen concentration. The Kjeldahl method was included to ensure comparability with previous studies on groundbait composition. Heavy metal concentrations were determined using inductively coupled plasma mass spectrometry (ICP-MS; PerkinElmer, USA). Detection limits were 0.005 ppm for Hg, 0.002 ppm for Cd, 0.010 ppm for Pb, and 0.006 ppm for As. All analyses were performed in triplicate.
2.5 Short-term nutrient release by groundbait
To evaluate nutrient release dynamics and associated changes in selected physicochemical water parameters, three groundbait mixtures (Rch3, Bm3, Cp4) were selected for experimental assessment. One mixture was selected from each functional group: roach, bream, and carp. The experiment lasted 24 h because no major changes in the tested parameters occurred after this time. These mixtures represented the range of groundbait types and nutrient contents identified in the broader chemical analyses. Twelve glass aquaria were filled with 20 L of municipal tap water (hatchery-grade). After water temperature equilibrated with laboratory conditions (21°C), and under a 12:12 h light:dark cycle without aeration, 5 g of groundbait was added to each treatment tank: roach mix (Rch3), bream mix (Bm3), or carp mix (Cp4). Control tanks contained only tap water. Each treatment was conducted in triplicate. The experiments were conducted in 20-liter aquariums to ensure stable physicochemical water parameters and limit the impact of artifacts resulting from insufficient volume, such as rapid changes in pH or conductivity. This volume also allows for uniform diffusion and mixing conditions while being practical for parallel replication and control. The groundbait weight was set at 5 g for each of the three types tested. This weight ensured an appropriate material-to-water volume ratio of 0.25 g/L, enabling measurable yet non-saturating concentrations of nutrients. It also permitted direct comparison of the release kinetics of the tested groundbait types without masking differences due to an excessive or insufficient organic load.
Physicochemical parameters were measured directly using a ProDSS multiparameter water quality meter (YSI, USA), including temperature, dissolved oxygen concentration, oxygen saturation, pH, and electrical conductivity (EC). Water samples were collected for laboratory analyses of total nitrogen (TN), total phosphorus (TP), total organic carbon (TOC), free CO2, five-day biochemical oxygen demand (BOD5), and chemical oxygen demand (COD-Cr). Sampling was conducted at nine time points: before bait addition (0 min), 20 min after addition, and subsequently at 80, 140, 200, 260, 320, 380, and 1440 min (24 h). Approximately 100 mL of water was collected at each time point, except for BOD5 analyses at 0 and 20 min, which required ∼400 mL. To maintain consistent water volume, the withdrawn sample (approximately 100 mL, or 400 mL for BOD5) was replaced with an equivalent volume of stored municipal tap water from the same source. This replacement volume constituted 0.5–2% of the total aquarium volume. O2 and saturation measurements allowed us to monitor changes related to oxygen activity and consumption. BOD5 and COD-Cr provided information about the type of organic matter released from the baits, including both readily and poorly biodegradable (oxidizable) matter. Together, these parameters enabled a thorough evaluation of the oxygen pressure and organic load produced by the tested bait types. Analysis confirmed no statistically significant differences in physicochemical parameters between the replacement water and initial samples, minimizing potential confounding effects on experimental conditions.
2.6 Statistical analysis
Statistical analyses were conducted using Statistica 13.3 (TIBCO Software Inc., Tulsa, OK, USA). Normality and homogeneity of variances were assessed using the Shapiro–Wilk and Levene tests, respectively. When necessary, Box–Cox transformations were applied. One-way ANOVA was used to evaluate differences in groundbait composition and water quality parameters, followed by Tukey’s post hoc test when significant effects were detected (p < 0.05). Survey data were analysed descriptively and presented as percentages. Differences between categorical variables were tested using the chi-square (χ2) test. Due to the large sample size, Yates’ continuity correction was not applied. The significance level was set at α = 0.05. Thus, differences in the amounts and types of groundbait used by anglers were analysed. Principal component analysis (PCA) was performed in Statistica 13.3. Differences in chemical composition among groundbait types were assessed using PERMANOVA (PAST 4.09; 9999 permutations). Relationships between protein, C, N, and P content and heavy metal concentrations were analysed using Spearman’s rank correlation.
3 Results
3.1 Angler survey
Survey results indicated that 37.2% of respondents reported frequent groundbait use, while 23.9% declared using groundbait on every fishing trip. More than 62% of anglers used complete, branded groundbait mixtures formulated for specific fishing techniques and target species (Fig. 1). Over half of the respondents also reported using seeds and grains, such as maize, hemp, and wheat. In addition, 45% used bait maggots, including blowfly larvae (pinkies and white maggots; Calliphora vicina and Musca domestica), chironomid larvae (bloodworms), and other dipteran larvae (jockers) (Fig. 1). The use of branded groundbaits was significantly more common than the use of bait maggots (χ2 = 11.24, p = 0.0008), and seeds and grains were also used significantly more often than maggots (χ2 = 4.21, p = 0.0040). No significant difference was observed between the use of branded groundbaits and seeds or grains. More than half of respondents reported using less than 1 kg of groundbait per day, including 16.3% using less than 0.5 kg and 35.1% using 0.5–1 kg (Fig. 2a). Approximately 21.5% reported using 1–2 kg per day, while larger quantities were used infrequently (Fig. 2a). Differences in declared quantities were statistically significant (p < 0.05; chi-square test).
Over 40% of respondents reported not using fishmeal-based, high-protein groundbaits, whereas fewer than 7% stated that they always used such products (Fig. 2b). More than 40% of respondents reported familiarity with the concept of eutrophication, while nearly 28% were unfamiliar with the term (Fig. 2c). Regarding perceived environmental impacts, over half of respondents believed that groundbaits have a minor environmental effect, whereas more than 36% considered the impact substantial. Only 12% reported no perceived impact (Fig. 2d).
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Types of groundbaits most commonly used by anglers (% of responses - multiple choice option).



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Declared groundbaits amounts used per day of fishing (% of responses) – a; frequency of using fishmeal-based bait products (% of responses) – b; anglers’ familiarity with the concept of eutrophication (% of responses) – c; anglers’ assessment of the environmental impact of baiting (% of responses) – d.



3.2 Groundbait composition
Significant differences were detected among groundbaits in the concentrations of carbon, nitrogen, phosphorus, and total protein (p < 0.05; Tab. 1). Carp-oriented mixtures generally had the highest nitrogen and protein concentrations due to fishmeal-based ingredients. In contrast, roach and bream mixtures had lower nutrient concentrations because they were dominated by plant-derived components. Carbon content ranged from 39.35% to 47.15%, with the highest values observed in Cp4, Cp3, and Bm1. The lowest carbon content was recorded in Bm3. The highest nitrogen (6.82 ± 0.49%) and protein (40.47 ± 3.06%) concentrations were recorded in Cp4. Elevated nitrogen and phosphorus levels were also observed in Cp2. In contrast, Bm3 exhibited the lowest nitrogen, phosphorus, and protein contents. Overall, carp-oriented groundbaits consistently showed the highest concentrations of biogenic elements. Heavy metal concentrations differed significantly among samples (p < 0.05; Tab. 2). Sample Cp3 contained the highest mercury concentration, while the lowest mercury levels were found in Bm1. Cadmium concentrations were highest in Cp2 and lowest in Bm1, Bm3, and Bm4. The highest lead concentrations were recorded in Bm2 and Rch3, whereas Bm1 showed the lowest Pb content. Arsenic concentrations exhibited the greatest variability, with Cp1 containing substantially higher levels than all other samples.
PERMANOVA analysis revealed significant differences in both the overall chemical composition (pseudo-F = 6.623; R2 = 0.595; p = 0.0099) and heavy metal profiles (pseudo-F = 2.956; R2 = 0.396; p = 0.0071) among groundbait types. Carp-type groundbaits differed significantly from both bream and roach groundbaits, whereas no significant differences were observed between bream and roach groundbaits (p > 0.05).
Significant correlations were identified between nutrient content (particularly N and P) and selected heavy metals, especially Cd and As (Tab. 3). PCA analysis (Fig. 3) showed that the first two components together explained 76.20% of the total variability of the studied traits. Carp-type groundbaits were grouped mainly on the positive side of the PC1 axis and were associated with higher contents of protein, N, P, and heavy metals, i.e., Hg, Cd, and As. In contrast, groundbaits intended for bream and roach showed greater similarity, although some samples differed in terms of C and Pb content.
Table 1 
Mean (± SD) contents (%): carbon (C), nitrogen (N), phosphorus (P), and total protein in the analysed groundbaits. Values within columns followed by different lowercase superscript letters differ significantly at p < 0.05. Differences among groundbait types within columns are indicated by different uppercase letters (A, B) at p < 0.05.

Table 2 
Mean (± SD) concentrations of heavy metals (Hg, Cd, Pb, As) in the analysed groundbaits (ppm). Mean values (± SD) for groundbait types (carp, bream, and roach) are shown in bold. Values within columns followed by different lowercase superscript letters differ significantly at p < 0.05. Differences among groundbait types within columns are indicated by different uppercase letters (A, B) at p < 0.05.

	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Principal component analysis (PCA) for the chemical composition of groundbaits intended for bream, carp, and roach, taking into account the content of C, N, P, protein, Hg, Cd, Pb, and As. Red circle: confidence limit (95%) for identification of outlier samples; Red lines: principal component axes (Factor 1 and Factor 2), center of the coordinate system; Blue vectors: variable loadings, showing how strongly and in what direction individual variables influence the main components of PCA.



Table 3 
Results of PERMANOVA and Spearman correlations between the basic composition and the concentration of heavy metals in groundbaits (Bm, Cp, Rch) intended for different fish species (bream, carp and roach respectively).

3.3 Short-term nutrient release by groundbait
Dissolved oxygen concentrations declined over time in both control and treatment tanks. However, oxygen depletion was markedly greater in tanks containing groundbait, particularly in the Cp4 treatment, where concentrations decreased to 1.0 mg O2/L after 24 h. In contrast, oxygen levels in control tanks remained above 7.7 mg O2/L. The addition of groundbait resulted in immediate increases in BOD5 and COD. BOD5 increased by approximately 6 mg O2/L within 20 min of bait addition, while COD increased from ∼7.4 to ∼33 mg O2/L and remained stable thereafter. Initial concentrations of TP, TN, and TOC were low but increased rapidly following bait addition (Fig. 4). Phosphorus concentrations increased 9- to 30-fold, with the highest values observed in the carp groundbait treatment (Fig. 4a). Nitrogen and TOC concentrations increased up to threefold (respectively, Figs. 4b and 4c). Water pH remained slightly alkaline throughout the experiment, with minor decreases observed in treatment tanks. Electrical conductivity increased immediately following bait addition and remained elevated relative to controls.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Changes in total phosphorus (TP) – a, total nitrogen (TN) – b, and total organic carbon (TOC) – c, in tanks during the experiment following the addition of the groundbait mixtures Rch3 (roach), Bm3 (bream), and Cp4 (carp). C: control group (no groundbait). Bars marked with different lowercase letters (within the same time point) differ significantly at p < 0.05.



4 Discussion
4.1 Main findings
The present study demonstrates that recreational groundbaiting can be a significant pathway for nutrients and trace metals to enter freshwater ecosystems. Through a combination of angler survey data, chemical analyses of commercially available groundbaits, and a controlled laboratory experiment, this study provides an integrated assessment of baiting practices and their potential environmental implications. Compared to Czarkowski et al. (2021), this study is based on a larger sample size obtained via an online questionnaire. However, this approach entails limitations, including the overrepresentation of highly active online anglers and the underrepresentation of those less active or not using the internet. Consequently, anglers using passive techniques (e.g., feeder or float fishing), who are more likely to use groundbait, may be overrepresented, while those employing active methods (e.g., lure fishing) may be underrepresented, potentially leading to an overestimation of groundbait use. Obtaining a fully representative sample in hobby-based groups is inherently difficult, which is why similar online methods are commonly used in angling research (Skrzypczak & Karpiński, 2020; Karpiński & Skrzypczak, 2021; Hawrylik & Kiryluk, 2024; Czarkowski et al., 2025). Nevertheless, as the results are based on internet users, caution is needed when generalizing them to all Polish anglers. Earlier studies also faced sampling biases, such as the overrepresentation of Polish Angling Association members (Czarkowski et al., 2021).
4.2 Use of groundbait in recreational fisheries
The proportion of anglers using groundbaits and the quantities applied may change over time. Previous research on angling in Poland revealed that more than 80% of anglers used branded bait available in tackle shops, while fewer than 50% used homemade bait (Czarkowski et al., 2021). In the current study, only 62% of anglers reported using ready-made branded baits, which is a decrease compared to the previous study. However, the amount of bait used has decreased compared to previous studies. Czarkowski et al. (2021) estimated that the average angler uses 2.7 kg of bait in a single day.
In the 1990s, this proportion increased to over 53%, with an average use of about 1 kg per angler per day (Wołos et al., 1992). During the first decade of the 21st century, both the prevalence and intensity of baiting increased further: approximately 66% of anglers reported using groundbaits, with mean daily quantities reaching 2.2 kg (Wołos and Mioduszewska, 2003). Reported quantities of groundbait use vary widely across fisheries and countries. For instance, studies from Germany estimated an average of approximately 7.3 kg per angler per year for the entire angling population (Arlinghaus, 2004; Arlinghaus & Niesar, 2005). However, studies focusing specifically on carp anglers estimated much higher quantities, reaching approximately 215 kg per angler per year (Niesar et al., 2004). In Hungary, average groundbait use has been estimated at around 1.5 kg per angler per day (Boros et al., 2022). More recent Polish data indicate further increases, with mean daily bait quantities reaching 2.7 kg and more than 80% of anglers reporting groundbait use (Czarkowski et al., 2021).
In comparison with these earlier studies, the present survey yielded lower declared frequencies and quantities of groundbait use. Only 37% of surveyed anglers reported frequent baiting, and more than half declared using no more than 1 kg per day. However, these differences should be interpreted with caution because the studies differ in their sampling strategies, respondent structures, and survey contexts. Notably, the present study used an online questionnaire.
Comparable patterns were observed by Boros et al. (2022), who reported that 65% of anglers fishing at Lake Balaton used no more than 2 kg of groundbait per day. Nevertheless, even under these more conservative usage patterns, the cumulative nutrient load introduced via groundbait remains substantial. Assuming that the average Polish angler fishes approximately 50 days per year and that the total angling population is about 1.5 million individuals (Czarkowski et al., 2021), it can be estimated that several tens of thousands of tonnes of groundbait are introduced annually into Polish inland waters. These values are comparable to estimates reported for Germany and Hungary (Arlinghaus, 2004; Boros et al., 2022) and indicate that baiting may represent a potentially significant, yet often overlooked, source of nutrient inputs to freshwater ecosystems.
Our results demonstrate that most Polish anglers rely primarily on complete, branded, ready-to-prepare fine-grained loose groundbait mixtures purchased from specialised angling retailers. Similar trends have been reported in Portugal, particularly during angling competitions (Amaral et al., 2013; Amaral et al., 2015), while in Hungary approximately 38% of anglers use such products (Boros et al., 2022). The proportion of anglers using complete branded mixtures may vary depending on angling specialisation and site characteristics, as suggested by Imbert et al. (2025). Their increasing popularity is likely driven by high availability, relatively low cost, perceived effectiveness, and ease of use (Czarkowski and Kapusta, 2019). Preparation typically involves moistening the dry mixture with water, often adding soil or clay to increase weight, forming balls of approximately 100 mm in diameter, and introducing them into the fishing area, where food particles are gradually released (Kapusta and Czarkowski, 2022).
The survey results further indicate that more than 40% of anglers did not use high-protein, fishmeal-based products, while fewer than 7% reported using them consistently. Although fishmeal-enriched bait products are widely used across Europe, they are predominantly associated with anglers targeting carp and other large cyprinids, such as barbel (Bašić et al., 2015; Gutmann et al., 2017; De Santis et al., 2019; Imbert et al., 2022). In contrast, anglers targeting smaller cyprinids, such as roach, rarely employ such products (Imbert et al., 2025), likely due to their lower effectiveness for attracting small native species.
Eutrophication is a widespread global phenomenon and is increasingly recognised as a major threat to water quality, biodiversity, and ecosystem functioning (Smith et al., 1999; Schindler et al., 2008; MacDonald et al., 2016). It also entails substantial socioeconomic consequences (Xue and Landis, 2010; Huang et al., 2020). Despite this, anglers’ awareness of eutrophication varies considerably. In the present study, over 40% of respondents declared familiarity with the concept, whereas nearly 28% reported no knowledge of it. This heterogeneity likely reflects the diverse sociodemographic composition of the angling community (Czarkowski et al., 2021). Importantly, although most anglers acknowledged that baiting affects water quality and the environment, approximately half perceived its impact as relatively minor. Properly designed angler education and training programmes have the potential to improve environmental awareness, particularly among younger anglers (Delle Palme et al., 2016; Morales et al., 2020).
4.3 Nutrients and heavy metals in groundbaits
Laboratory analyses revealed nitrogen concentrations ranging from 1.37% to 6.82% of dry mass, with the highest values recorded in carp-oriented mixtures. Similarly, phosphorus concentrations were highest in carp groundbaits containing fishmeal, reflecting their high protein content. Imbert et al. (2025) found that the nutrient content of fishing bait varies depending on the type of fishery. For example, they found that the nutrient content ranged from 0.5 (±0.2 SD) kg/ha/yr of nitrogen and 0.1 (±0.0) kg/ha/yr of phosphorus in specialized roach fisheries to 10.2 (±9.3) kg/ha/yr of nitrogen and 1.6 (±1.5) kg/ha/yr of phosphorus in specialized carp fisheries. These results suggest that carp-oriented mixtures are the most nutrient-rich category of groundbaits and could contribute disproportionately to nutrient inputs in intensively baited fisheries.
All analysed groundbaits contained detectable concentrations of heavy metals, including mercury, cadmium, lead, and arsenic, with the highest levels observed in carp-type mixtures. This likely reflects the presence of fishmeal, which is known to contain elevated heavy metal concentrations (Murthy et al., 2013; Janbakhsh et al., 2018). Heavy metal accumulation in fish depends on feeding strategies and trophic transfer within food webs (Tao et al., 2012).
Although the detected concentrations did not exceed the maximum permissible levels for fish feed established by Directive 2002/32/EC, repeatedly introducing such materials into aquatic ecosystems may create a chronic pathway for trace metals to enter sediments and aquatic food webs.
4.4 Short-term nutrient release under experimental conditions
Biogenic substances were released rapidly following the introduction of groundbaits into water, as demonstrated by the aquarium experiment. Total phosphorus concentrations increased by up to 30-fold relative to initial levels, while total nitrogen and total organic carbon increased approximately threefold. Comparable rapid phosphorus release has been reported for carp pellets by Fazekas et al. (2023). Although nutrient concentrations generally followed the sequence roach < bream < carp groundbaits, total organic carbon showed a different pattern, with the highest values recorded for the roach mixture. This likely reflects differences in the degradability of organic components rather than nutrient content alone.
The aquarium experiment has inherent limitations due to its controlled laboratory conditions, utilizing fixed water volumes, treated tap water, and a single bait dose. This design choice, while enabling precise measurement of nutrient release kinetics, does not fully replicate the complexities of natural aquatic ecosystems. Consequently, the experiment should not be interpreted as a direct simulation of natural ecosystem responses. Rather, it provides insight into short-term nutrient release dynamics following groundbait introduction and highlights differences among bait types under controlled conditions. The laboratory experiment provides insight into short-term nutrient release dynamics following groundbait introduction. While the controlled conditions do not fully replicate natural ecosystems, the results help identify processes that may occur in localized baiting areas.
4.5 Implications for freshwater management
Despite the clear eutrophication potential of groundbaits, relatively few studies have evaluated their effects at the ecosystem scale. Amaral et al. (2013) found no significant deterioration of ecological status in a Portuguese reservoir despite intensive baiting during angling competitions. However, they emphasised that system-specific characteristics strongly influence vulnerability. In contrast, long-term studies at Lake Balaton demonstrated substantial nutrient inputs associated with baiting, resulting in a positive nutrient balance and net ecosystem enrichment (Boros et al., 2022). Similar conclusions were drawn by Niesar et al. (2004), who estimated that phosphorus inputs from carp angling far exceeded realistic nutrient removal through fish harvest.
Research shows that high-protein carp groundbait containing fishmeal is the most potentially harmful type of groundbait. This is confirmed by the work of Imbert et al. (2022) and, indirectly, by their other work (Imbert et al., 2025). These groundbaits have the highest nutrient and heavy metal content, primarily mercury, and have a potentially greater impact on oxygen depletion in the water.
The nutrient balance becomes even more problematic in the context of the widespread adoption of catch-and-release practices. While catch-and-release supports fish stock conservation and angling quality (Arlinghaus et al., 2007), it does not contribute to nutrient removal. When combined with intensive baiting, this practice may undermine water quality and ecosystem integrity. Several authors have therefore suggested limiting catch-and-release in heavily baited fisheries or replacing nutrient-rich bait components with low-nutrient mineral additives such as clay or soil (Arlinghaus and Mehner, 2003; Niesar et al., 2004).
Not only the amount of bait used by anglers becomes important, but also its composition, in particular the phosphorus content (Imbert et al., 2022), which can also promote the growth of cyanobacteria (Isles et al., 2017). As Imbert et al. (2022) point out, baiting may have a greater negative impact on small eutrophic reservoirs than on large oligotrophic lakes, especially during periods of high productivity.
5 Conclusions
Recreational groundbaiting may be a previously underestimated source of nutrients and trace metals in freshwater ecosystems. The analysed commercial groundbaits contained high concentrations of nitrogen and phosphorus that were rapidly released into the water during the experiment, leading to measurable changes in physicochemical parameters. The presence of heavy metals in all analyzed groundbaits indicates an overlooked mechanism for introducing trace metals into aquatic environments, especially in fisheries where fishmeal-based mixtures are commonly used.
While individual anglers typically use small amounts of groundbait, the total amount used nationwide could contribute significantly to nutrient loads and potentially lead to eutrophication in sensitive bodies of water. These findings suggest that the use of groundbait should be explicitly considered in freshwater protection strategies and recreational fisheries management. Reducing the use of nutrient-rich mixtures in heavily baited fisheries and improving environmental awareness among anglers may help mitigate potential impacts.
Since the laboratory experiment was conducted under controlled conditions, additional field studies are necessary to quantify the long-term ecological consequences of groundbait use in natural freshwater ecosystems.
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      Mean (± SD) contents (%): carbon (C), nitrogen (N), phosphorus (P), and total protein in the analysed groundbaits. Values within columns followed by different lowercase superscript letters differ significantly at p < 0.05. Differences among groundbait types within columns are indicated by different uppercase letters (A, B) at p < 0.05.

      
        


	Groundbait
	C (%; ± SD)
	N (%; ± SD)
	P (%; ± SD)
	Protein (%; ± SD)





	Bm1
	46.11 ± 1.19a
	2.10 ± 0.16dc
	0.37 ± 0.17cd
	12.14 ± 0.49c



	Bm2
	40.56 ± 1.49bc
	2.41 ± 0.38bc
	0.48 ± 0.16b
	14.67 ± 2.34b



	Bm3
	39.35 ± 4.23c
	1.37 ± 0.24e
	0.28 ± 0.07fe
	7.80 ± 1.40c



	Bm4
	45.23 ± 0.23ab
	1.94 ± 0.15de
	0.25 ± 0.12f
	11.29 ± 0.67c



	Mean (%; ± SD)
	42.81 ± 3.36
	1.96 ± 0.44B
	0.35 ± 0.10B
	11.48 ± 2.84B



	Cp1
	45.39 ± 0.85ab
	2.91 ± 0.14b
	0.38 ± 0.12c
	17.47 ± 1.00b



	Cp2
	43.37 ± 1.68abc
	6.18 ± 0.24a
	0.97 ± 0.39a
	36.74 ± 1.59a



	Cp3
	46.20 ± 0.23a
	6.58 ± 0.40a
	0.96 ± 0.33a
	38.39 ± 2.65a



	Cp4
	47.15 ± 0.28a
	6.82 ± 0.49a
	0.89 ± 0.29a
	40.47 ± 3.06a



	Mean (%; ± SD)
	45.53 ± 1.61
	5.62 ± 0.44A
	0.8 ± 0.28A
	33.27 ± 10.64A



	Rch1
	45.53 ± 0.44ab
	2.36 ± 0.29bcd
	0.34 ± 0.17de
	14.12 ± 1.79bc



	Rch2
	45.26 ± 1.38ab
	2.77 ± 0.37bc
	0.38 ± 0.14cd
	15.75 ± 1.63b



	Rch3
	40.78 ± 1.55bc
	2.14 ± 0.24bcd
	0.41 ± 0.14c
	12.56 ± 1.43bc



	Rch4
	42.25 ± 2.43abc
	2.2 ± 0.14cd
	0.30 ± 0.13de
	12.77 ± 0.39bc



	Mean (%; ± SD)
	43.46 ± 2.32
	2.37 ± 1.83B
	0.36 ± 0.05B
	13.80 ± 1.47B
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      Mean (± SD) concentrations of heavy metals (Hg, Cd, Pb, As) in the analysed groundbaits (ppm). Mean values (± SD) for groundbait types (carp, bream, and roach) are shown in bold. Values within columns followed by different lowercase superscript letters differ significantly at p < 0.05. Differences among groundbait types within columns are indicated by different uppercase letters (A, B) at p < 0.05.

      
        


	Groundbait
	Hg [ppm]
	Cd [ppm]
	Pb [ppm]
	As [ppm]





	Bm1
	0.007 ± 0.000j
	0.019 ± 0.000i
	0.075 ± 0.002j
	0.045 ± 0.001g



	Bm2
	0.015 ± 0.000g
	0.026 ± 0.001g
	1.176 ± 0.024a
	0.501 ± 0.010c



	Bm3
	0.030 ± 0.001d
	0.020 ± 0.000i
	0.171 ± 0.003f
	0.117 ± 0.002e



	Bm4
	0.012 ± 0.000h
	0.021 ± 0.000i
	0.156 ± 0.003g
	0.028 ± 0.001h



	Mean (ppm; ± SD)
	0.016 ± 0.010
	0.022 ± 0.003B
	0.395 ± 0.523
	0.173 ± 0.222B



	Cp1
	0.009 ± 0.000i
	0.049 ± 0.001e
	0.229 ± 0.005d
	4.303 ± 0.086a



	Cp2
	0.044 ± 0.001c
	0.257 ± 0.005a
	0.232 ± 0.005d
	1.915 ± 0.038b



	Cp3
	0.062 ± 0.001a
	0.061 ± 0.001d
	0.197 ± 0.004e
	1.864 ± 0.037b



	Cp4
	0.050 ± 0.001b
	0.126 ± 0.003b
	0.109 ± 0.002h
	1.965 ± 0.039b



	Mean (ppm; ± SD)
	0.041 ± 0.023
	0.123 ± 0.095A
	0.192 ± 0.057
	2.512 ± 1.195A



	Rch1
	0.009 ± 0.000i
	0.087 ± 0.002c
	0.186 ± 0.004e
	0.227 ± 0.005d



	Rch2
	0.049 ± 0.001b
	0.027 ± 0.001g
	0.081 ± 0.002i
	0.013 ± 0.000i



	Rch3
	0.024 ± 0.000e
	0.025 ± 0.001gh
	1.068 ± 0.021b
	0.477± 0.010c



	Rch4
	0.022 ± 0.000f
	0.037 ± 0.001f
	0.214 ± 0.004d
	0.092 ± 0.002f



	Mean (ppm; ± SD)
	0.026 ± 0.017
	0.044 ± 0.029B
	0.387 ± 0.457
	0.202 ± 0.203B





      

    

  
    
      Fig. 3 

      
        [image: Fig. 3 Refer to the following caption and surrounding text.]
      

      
        Principal component analysis (PCA) for the chemical composition of groundbaits intended for bream, carp, and roach, taking into account the content of C, N, P, protein, Hg, Cd, Pb, and As. Red circle: confidence limit (95%) for identification of outlier samples; Red lines: principal component axes (Factor 1 and Factor 2), center of the coordinate system; Blue vectors: variable loadings, showing how strongly and in what direction individual variables influence the main components of PCA.

      

    

  
    
      Table 3 

      Results of PERMANOVA and Spearman correlations between the basic composition and the concentration of heavy metals in groundbaits (Bm, Cp, Rch) intended for different fish species (bream, carp and roach respectively).

      
        


	Analysis
	Variable
	Pseudo-F
	R-Value
	p





	PERMANOVA
	Protein, C, N, P
	6.623
	0.771
	0.0099



	Bm vs Cp
	8.174
	0.760
	0.0286



	Bm vs GB Rch
	1.017
	0.381
	0.4286



	Cp vs Rch
	7.626
	0.748
	0.0286



	Hg, Cd, Pb, As
	2.956
	0.629
	0.0071



	Bm vs Cp
	4.175
	0.640
	0.0286



	Bm vs Rch
	0.739
	0.332
	0.5714



	Cp vs Rch
	2.903
	0.598
	0.0491



	Spearman Corelation
	Protein, N vs Cd
	–
	0.846
	0.0005



	Protein, N vs As
	–
	0.685
	0.0139



	P vs As
	–
	0.683
	0.0144



	P vs Cd
	–
	0.609
	0.0354





      

    

  
    
      Fig. 4 

      
        [image: Fig. 4 Refer to the following caption and surrounding text.]
      

      
        Changes in total phosphorus (TP) – a, total nitrogen (TN) – b, and total organic carbon (TOC) – c, in tanks during the experiment following the addition of the groundbait mixtures Rch3 (roach), Bm3 (bream), and Cp4 (carp). C: control group (no groundbait). Bars marked with different lowercase letters (within the same time point) differ significantly at p < 0.05.
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